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II. Abstract 
The 1940s brought us an important revolution in medical care, the antibiotics. 
Pharmaceutical companies industrialized the process of extracting these molecules 
from fungi and Actinomicetes and made it a common tool in our daily life, not only in 
hospitals as in agriculture. Antibiotics belong to a class of molecules whose main 
objective is to do antimicrobial control, nonetheless other naturally occurring 
chemicals, of high importance in human activity, act as antimicrobial controllers. In 
this group heavy metals are agents of particular interest. Although effective in most 
cases, several species learn to endure the presence of these selective agents through 
evolution; this gives them the advantage to proliferate and in some events can lead 
to give others the same ability. Inappropriate usage of antibiotics, such as over 
usage, prophylaxis and careless disposal, can pressured the selection for resistant 
microorganisms. Nowadays, multi-antibiotic resistant pathogens are a problem to 
control in some environments, such as medical practices, which can lead to 
outbreaks in the population. Research focus in the control of pathogens and how can 
these resistance mechanisms be overcome, for instance, efforts are being made to 
correlate antibiotic and heavy-metal resistance in order to understand the evolution 
and co-selection of resistances. One way to approach this subject is by studying the 
microbial community of pristine environments where organisms develop and 
acquire resistances as they did before human intervention. Here we focus on 
studying deep-sea bacteria and associated resistances from deep-water sediments, 
near hydrothermal vents naturally contaminated with heavy metals.  
 
Key-words: Heavy metals, antibiotics, bacterial resistance, hydrothermal vents  
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Resumo  
Na década de 40 ocorreu uma importante revolução no tratamento médico, a 
introdução dos antibióticos. As companhias farmacêuticas industrializaram o 
processo de extracção de moléculas de fungos e Actinomicetes e tornaram-nas uma 
ferramenta no nosso dia-a-dia, não apenas nos hospitais mas também na agricultura. 
Os antibióticos pertencem a uma classe de moléculas cujo principal objectivo é 
controlo antimicrobiano, no entanto outros químicos, de elevada importância na 
actividade humana, actuam no controlo antimicrobiano. Neste grupo os metais 
pesados representam agentes de algum relevo. Apesar de eficientes na grande 
maioria dos casos várias espécies aprenderam a suportar a presença destes agentes 
de selecção ao longo da sua evolução o que lhes deu a vantagem para proliferar e 
conferir a outros a capacidade de também o fazerem. O uso inapropriado de 
antibióticos, como o excesso de uso, a profilaxia e a irresponsável eliminação 
pressionou para a selecção de organismos resistentes. Nos dias de hoje patogénicos 
multirresistentes são um problema para controlar em alguns ambientes, tal como 
em hospitais, o que pode levar a surtos na população. A investigação foca-se no 
controlo de patogénicos em como mecanismos de resistência podem ser 
ultrapassados, inclusivamente esforços estão a ser empregues para correlacionar 
resistências a diferentes classes de químicos. Uma forma de abordar esta questão é 
pelo estudo de comunidades bacterianas de ambientes pristinos onde os organismos 
desenvolvem e adquirem resistências tal como o faziam antes da introdução da 
actividade humana. Aqui focamo-nos no estudo debactérias do fundo do mar e as 
resistências associados a estes em sedimentos do fundo marinho, próximos de 
fontes hidrotermais contaminadas com metais pesados. 
   
v 
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1. Microbial diversity in deep sea hydrothermal vents  
1.1. Deep sea geology & fauna  
Until the mid-20th century the ocean floors where considered to be a sterile 
environment, only in the 1950’s the Danish Galathea Deep-Sea Expedition collected 
soil sediments, at 10 000m depths, and discovered millions of viable bacteria per 
gram of sediment (Jørgensen and Boetius 2007). Nowadays, is known that marine 
sediments are the basis for a large community of organisms that surpass any other 
environment in microbial cell abundance (Leth et al. 2012). Costal shores have a 
larger abundance of prokaryotic cells and the density decreases in a logarithmic 
progression from the coastal shores, with a relative abundance of 108-109 cells/cm3, 
to the higher deeps of oceanic rifts (Leth et al. 2012). Conditions such as high 
pressure, highly variable temperatures and anoxia exert a great pressure to survive 
and maintain a homeostatic regulation to most organisms. 
The discovery in 1977 of hydrothermal vents led researchers to study a completely 
unique and prolific environment. These geological formations change the system 
with hot fluids that rose the temperatures to up 370C and fill the surrounding 
waters with toxic minerals (Jørgensen and Boetius 2007). Some heavy metals can 
reach concentrations that when compared to sea water reference values can 
increase by 500 times for manganese, 20 times for cooper, 10 times for zinc or 10 
times for arsenic (Breuer and Pichler 2012; Kádár et al. 2005). In this environment 
the vast majority of the microbiota occupies the porous sediment in the bed floor 
amounting to 10-10,000 more cells per unit volume than sea-surface waters. This 
benthic bacteria benefit from a solid and heterogeneous surface composed of 
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biogenic, terrigenous, volcanogenic and authigenic particles that support 
proliferation and reduce grazing pressure (Jørgensen and Boetius 2007). 
1.2. Distribution and impact of heavy metals in organisms 
Near hydrothermal vents the mixture of hot and cold fluids lead to dissolved 
materials to precipitate and form energy-rich and heavy metal-rich solid surfaces 
(Zierenberg, Adams and Arp 2000). The general geochemical conditions consist of 
elevated temperatures (300-400C), absence of sulphate and high and variable 
concentrations of sulphite, methane, hydrogen and metals. The release of cations 
like divalent calcium (Ca2+), divalent magnesium (Mg2+) and sodium (Na+) lead to 
the formation of mineral containing hydroxyl groups consequently hydrogen ions 
are released into solution. The water, now hot and acidic, releases reduced sulphur 
(H2S) and metals iron(Fe), manganese (Mn), zinc (Zn), arsenic (As) and copper (Cu), 
trough redox reaction, from the volcanic rock (Zierenberg and Arp 2000). 
This geological events lead to high concentrations of heavy metals. A heavy metal is 
a high density metal (≥5g/cm3) that constitutes the majority of the naturally 
occurring elements in the periodic table, fifty three out of ninety. Not all are relevant 
in a biological context, but those that have a role in an organism can be diverse and 
spans over several biochemical reactions. Biometals can easily form complex 
compounds which may, or may not, be redox-active (Nies 1999).  The tolerance to 
these metals depends on numerous factors as the environment in which they are 
found, the metal bioavailability and its concentration; some metals like divalent zinc 
(Zn2+), trivalent iron (Fe3+) or divalent nickel (Ni2+) have a significant importance in 
many biological systems and are tolerated at a relatively high concentration as 
opposed to divalent mercury (Hg2+), divalent cadmium (Cd2+) and monovalent silver 
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(Ag+) that form very strong complexes and thus are too dangerous for any 
physiological function (Nies 1999). Particularly in aquatic environments heavy 
metal sensitivity varies in to bacteria in general from Ag> Cu> Ni> Ba> Cr> Hg> Zn> 
Na> Cd (Albright and Wilson 1974). 
1.3. Antibiotic distribution and impact in organisms 
Other molecules, apart from heavy metals, affect the growth and proliferation of 
bacteria. Depending on the effect these antimicrobials can be bacteriostatic, if they 
make a cell latent, or bactericidal, if they lead to cell death (Davies and Davies 2010). 
Some of these chemicals are the result of the microorganisms defence mechanism 
against bacterial invaders and contaminants and exist for as long as 40Million years 
(D’Costa et al. 2011). Most known bactericidal antimicrobials inhibit biochemical 
reactions like replication, transcription, translation or cell wall synthesis (Kohanski, 
Dwyer, and Collins 2010). Due to these properties these antimicrobial agents were 
introduced in human activities as antibiotics, which eliminate the presence and/or 
activity of undesired microorganisms. Nowadays, usage of antibiotic is spread over 
several domains of human activity from medical care to agriculture and livestock, 
and without careful disposal several environments registered a prohibitive 
concentration of these compounds (Fernando Baquero, Martínez, and Cantón 2008). 
2. Microbial resistance 
All species are constrained by their environment, as such, they need to constantly 
adapt to the immediate surroundings and conditions in order to survive and 
proliferate. According to natural selection the mechanism of adaptive evolution is in 
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constant demand for genetic variability through mutations, especially beneficial 
mutations (Jayaraman 2011). 
2.1. Genetic of resistance: intrinsic and acquired resistance 
The genetic material comprises the information for all regulatory processes in an 
organism. Resistance to environmental contaminants is a part of this poll of 
regulatory processes, and so the origin, acquisition and dissemination of resistance 
are often viewed as a matter of genetic variability. There are two forms of resistance, 
intrinsic and acquired which will be focusing in the next section.   
2.1.1. Intrinsic resistance 
Intrinsic resistance includes the ensemble of chromosomal genes whose presence is 
independent of previous antibiotic exposure and is not susceptible to be transferred. 
As demonstrated by Fajardo et al., in a Pseudomonas aeruginosa mutant, certain 
genes are able to confer resistance to a certain antibiotic even though these genes 
are coded for a completely different functional category like motility or energy 
metabolism (Fajardo et al. 2008).  
2.1.2. Acquired resistance 
In acquired resistance there are three mechanisms by which an organism can 
become resistant to a specific or group of compounds; this can be either by cellular 
gene mutation, by acquisition of exogenous genes, or by a combination of the above 
(Giedraitienė et al. 2011). 
In the case of mutations they can be spontaneous, also known as growth-dependent 
mutations, this result of errors in replication or an incorrect repair of damaged DNA. 
These mutations are relatively rare, (Giedraitienė et al. 2011). The fidelity of the 
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replication control mechanisms is compromised if the defects in genes and 
processes increase, this leads to bacteria with an elevated mutation rate called 
hypermutators. These organisms benefit in cases of bottleneck situations where 
quick adaptive choices are in high demand (Jayaraman 2011).  Mutations can also 
occur in the form of adaptive mutagenesis. This is a particular case of spontaneous 
mutations occurring in periods of continuous stress but in non-dividing or very 
slowly dividing populations (Hall 1998).   
In the second mechanism resistance acquisition depends on mobile genetic elements 
(MBE), these can either move within the cell from one genetic location to another or 
move between bacterial cells (Bennett 2008). There are many types of MBE like 
transposons, integrons and gene cassettes, Insert Sequence Rolling Circle promoted 
genes (ISRC-promoted sequences) and plasmids. Plasmids and conjugative 
transposons are the preferred elements for inter-cellular communication as opposed 
to gene cassettes, ISCR-promoted genes and transposons that transfer between sites 
in the genome (Bennett 2008).   
When the movement of genetic material occurs between two organisms, inter-
cellular, it can be achieved by transformation, conjugation or transduction (Frost et 
al. 2005). Transduction is mediated by bacteriophages that package segments of 
host DNA in their capsids, injecting it in the target bacteria (Frost et al. 2005). In 
transformation, the transfer of genetic material happens between closely related 
bacteria and in most cases involves proteins encoded by chromosomal DNA (Frost et 
al. 2005). In conjugation plasmids capable of move genetic material from one cell to 
another are able to promote their own transfer (Bennett 2008). Generally they are 
independent from the main chromosomal DNA in terms of replication despite most 
of the replication functions being provided by the host cell. There is a vast variety of 
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genes carried through plasmids, including virulence determinants, enzymes-coding 
genes and genes that confer resistance to countless toxics like heavy metals and 
antibiotics (Bennett 2008). Besides from this diversity of genes there is also a 
relatively invariable region amongst plasmids containing the genes that control 
replication (Frost et al. 2005). 
The movement of genetic information both inter- and intra-cellular can lead the 
occurrence of tandem arrays of genetic linked resistance genes (Tauch et al. 2003). 
This tandem arrays manifest many times in the form of Multi-drug resistance (MDR), 
(Davies and Davies 2010). There are several cases of MDR known and the increasing 
numbers are alarming. Hospitals worldwide are always challenged by hospital-
acquired infections by MDR bacteria. MDR Pseudomonas aeruginosa and 
Acinetobacter baumanii are resistant to all or almost all antibiotics and the use of the 
entire class of β-lactams is now mostly inefficient against MDR strains of 
Enterobacter and Klebsiella (Levy 2002).  
2.2. Co-selection of antibiotic and heavy metal resistance 
A resistance gene is activated when the cell senses a dangerous amount of the toxic 
chemical to which the determinant factor act as target. On the other hand, there are 
documented evidences that show different selective agents triggering the activation 
of such genes (Stepanauskas et al. 2006; Thi et al. 2012). This effect in commonly 
known as co-selection and it can occur by different mechanisms. One of these 
mechanisms is co-resistance where different genes, coding resistance to multiple 
chemicals, are located together on the same genetic element (Baker-Austin et al. 
2006). This form of resistance originates from the transfer of different MGE to the 
same cell isolate and/or by interchange of genes between loci (Figure 1). A well-
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studied case demonstrating this effect is the mercury-resistance operon together 
with an integrin containing multiple antibiotic-resistance genes in the Tn21 and 
Tn21-like transposons (Kholodii et al. 2003). This effect is observed not only in 
transposons but also in integrons and plasmids (Figure 1). Upon sequencing it was 
discovered in the genome of Salmonella enterica a conjugative plasmid with five 
different antibiotic-resistance genes and an Hg-resistant operon, (Subliminal et al. 
2001). Another relevant mechanism is cross-resistance that consists in the use of the 
same resistance mechanism by different selective agents. In this resistance strategy 
the efflux of different antimicrobial agents is observed, despite their structural 
similarity (Figure 1). According to one study the MDR pump from Listeria 
monocytogenes that can export metals like ZnSO4, CoCl2 and K2CrO4 or the antibiotics 
erythromycin, josamycin and clindamycin (Mata, Baquero, and Pérez-Díaz 2000; 
Reva and Bezuidt 2012). 
Figure 1: Illustrative representation of known co-selection mechanisms. Cross-resistance in i) is 
exemplified by the TetL system for efflux of tetracycline and Cobalt; in ii) an example of co-resistance 
in which the genes for streptomycin and mercury resistance are linked together on the same plasmid. 
In iii) co-regulation is demonstrated by the czc and mex operons that when the presence of their 
respective activator lead to expression of both resistances. Adapted from Baker-Austin et al. 2006. 
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2.3. Resistance dissemination and persistence  
Resistance dissemination is a matter of extreme importance when considering 
agricultural and clinical conditions. On plasmids resistance determinants will spread 
quickly within the genus and even unrelated bacterial genera. When resistance is 
associated with genes on chromosomes, resistant microorganisms will spread more 
slowly (Giedraitienė et al. 2011). 
Initially several studies postulated that a selective pressure by antimicrobial agents 
was necessary to maintain a pool of resistant bacteria, and if these agents were 
discontinued the genes conferring resistance would disappear from the 
environment (Summers 2002). However more recent studies have demonstrated 
that even without the presence of a specific selective agent various resistant strains 
can still proliferate (Bartoloni et al. 2009; Rolland et al. 1985), even if there is no 
evidence to the contaminant ever existed in such environment (Bartoloni et al. 
2009).  
Deep-sea hydrothermal vents are a pristine environment; as such antibiotics have 
never represented a selective factor for the species in this ecosystem. But, as 
described before, these environments are rich in heavy metals that are not degraded 
and so, represent a long-term selection pressure. A resistance pool originated from 
heavy metal contamination pressure will be resistant to any other contaminant as 
long as this are connected through some form of co-selection (Baker-Austin et al. 
2006; Stepanauskas et al. 2006). 
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3. Heavy metals resistance 
Heavy metals are a part of numerous environments across the globe and with the 
industry advent some locations registered an increase in the values of these toxics, 
namely mines, wastewater treatment plants, industrial effluents and agricultural 
fields (Dopson 2003). On the other hand, deep-sea hydrothermal vents are not the 
result of human activity as such, these environments contain a significantly older 
pool of resistant organisms (Breuer and Pichler 2012; Leth et al. 2012).   
In terms of inorganic ions there are some general rules for the resistance strategies; 
resistance mechanisms are relatively specific in terms that there is no common 
mechanism to all heavy metals, metal-ion resistance determinants are ubiquitous 
through bacterial groups and the most used mechanism is extrusion by efflux pump 
(Silver and Phung 1996).  
As to the location of the resistance determinants to inorganic anions and cations 
most have initially found on plasmids (Silver and Phung 1996), however some are 
known to exist as chromosomal genes like the mercury resistance gene in Bacillus 
and Thiobacillus spp. Heavy metals as Ag+, AsO2-, AsO43-, Cd2+, CrO42-, Cu2+, Hg2+, Ni2+, 
Sb3+, TeO32-, Ti+ and Zn2+ are among those with resistance genes initially found on 
plasmids, for some of these metal resistance genes can also be found on the 
chromosome (Silver and Phung 2005). 
3.1. Heavy metal resistance mechanisms 
Since heavy metal ions cannot be degraded like toxic organic compounds, there are 
mainly three mechanisms of detoxification that can be applied to a heavy metal: first, 
an efflux system can diminish the accumulation of the respective ion; second, cations 
can be segregated into complex compounds by thiol containing molecules; third, 
 Introduction 
12 
some metal ions may be reduced or oxidized to a less toxic oxidation state (Nies 
1999). For many bacteria, resistance and homoeostasis involve a combination of two 
or three of the basic mechanisms mentioned for the same metal (Silver and Phung 
2005).  
Reducing a metal to a less toxic oxidative state is a strategy employed to diminish 
the excess of toxic heavy metals or to change an heavy metal in a more manageable 
ionic form, this is the case for some heavy metals like arsenate or hexavalent 
chromium, (Dyhrman and Haley 2011; Morais, Branco, and Francisco 2011). This 
method can only be used if the redox potential of a given heavy metal is between 
that of the hydrogen/proton couple (-421 mV) and that of the oxygen/hydrogen 
couple (808 mV), which is the physiological redox range for most aerobic cells. This 
excludes some heavy metals like Zn2+ (-1.18 V), Cd2+ (-824 mV), Co2+ (-701 mV) and 
Ni2+ (-678 mV) (Nies 1999). The reduced metal must diffuse out of the cell before it 
is re-oxidized in the cytoplasm. After reduction simple diffusion through the 
membrane is very difficult in most cases due to the metal size and electric charge; in 
this case an efflux system is required. One of the examples that follow this technique 
is the detoxification of mercury, its reducibility and a low vapour pressure of the 
metallic reduction product fit together, ending with the diffusional loss of the Hg0 
(Gadd 2000).  
Heavy metal quelation is another possible detoxification method, however, in most 
cases, this system is too expensive, since it use to much ATP per cation; for example 
to form a cadmium sulphate (CdS) complex from one ion of Cd2+, sixteen ATP are 
required. This system it only efficient in cells exposed to low concentrations of heavy 
metals (Nies 1999).  
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Figure 2: Diagram of the various influx and efflux mechanisms for divalent ions 
typically found in bacteria. Adapted from Silver et al. 2005. 
The third, and most common, detoxification solution relies on the use of efflux 
pumps (Figure 2). Among the largest class of functions found in many prokaryotic 
genomes are membrane-mounted protein pumps for ridding the cell of toxic 
substances, ranging from metal ions to disinfectants to antimicrobial agents (Nies 
2003).  
 
Several of such pumps, including those providing resistance to tetracycline, 
quaternary ammonium compounds and a variety of toxic metal ions often used as 
disinfectants, have moved from the chromosome to plasmids and enjoy worldwide 
distribution in human animal, and plant associated bacteria (Summers 2002).  
3.2.  Arsenic, Chromium and Copper detoxifying systems 
Some particular heavy metals are of some importance to this particular case of 
study. One of them is arsenic, a heavy metalloid and acts sometimes as a metal, 
sometimes it does not. Mainly, it occurs as arsenate As(V) bounded to oxygen in 
AsO43-, and as arsenite As(III) as AsO2-. Arsenite interferes with enzyme function and 
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arsenate is structurally highly related to phosphate (PO43-), thus, its main toxicity 
results from its interference with the function of the major bio-element phosphorus, 
like in the DNA structure (Dyhrman and Haley 2011). 
It has been proposed that under low phosphate conditions, microbial uptake of 
arsenate, its subsequent reduction to arsenite and excretion is rapid (Dyhrman and 
Haley 2011). 
After arsenate has been taken up by phosphate transport systems there is a problem 
with its detoxification. The structural similarity makes it difficult to export arsenate 
effectively because of the high phosphate concentration in the cell. Thus, arsenate 
detoxification has to involve an initial step to differentiate it from phosphate. This 
step is the reduction of arsenate to arsenite (Nies et al, 1999). 
The most common arsenate resistance system (ars) involves an arsenate reductase 
(ArsC), an arsenite efflux pump (ArsB or ACR3), and a transcriptional repressor 
(ArsR). Some bacteria also possess other ars genes including arsA, a gene coding for 
an arsenite-stimulated ATPase that results in more efficient arsenite efflux through 
ArsB (Dyhrman and Haley 2011). 
Another important metal to this study is chromium (Cr). Chromium mainly occurs in 
the environment as Cr(VI) in the divalent oxyanion chromate and as Cr(III), the 
trivalent cation. Reduction/oxidation reactions between the two states are 
thermodynamically possible under physiological conditions, thus Cr(VI) and Cr(III) 
are both biologically important ions. Chromate’s toxic effects on bacteria include 
competitive inhibition of sulphate transport, and DNA and protein damage. Damage 
happens after Cr(VI) intracellular reduction to the Cr(III) species, a process that 
generates reactive oxygen species (ROS) (Nies 1999). 
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Mechanisms involved in chromium resistance in bacteria involve strategies such as 
specific or unspecific Cr(VI) reduction, free radical detoxifying activities, and DNA 
damage repair. There are also genes that encode membrane efflux transporters, 
these being able to extrude chromate ions from the cytoplasm (Morais, Branco, and 
Francisco 2011). This last mechanism is the most common in chromium resistant 
bacteria and it comprises the action of chromate ion transporters (Chr) dependent 
on membrane potential; another important mechanism is the reduction of chromate 
from Cr(IV) to the less toxic form Cr(III), this is done differently in aerobic and 
anaerobic organisms.   
Copper is also a heavy metal of relevance for its effects on microorganisms and for 
its widespread use in human activity. This heavy metal is commonly found in 
everyday objects such as coins, wires and cables, electronic devices and cooking 
utensils. In small amounts copper is necessary, mostly as a part of cytochrome c 
oxidase and related enzymes, but in higher concentrations becomes toxic. Copper 
toxicity is based on the ability of creating hydroperoxide radicals, when free copper 
permutes between Cu(I) and Cu(II), and for interacting with the cellular 
biomolecules (Nies 1999; Espírito Santo, Morais, and Grass 2010).  
Resistance mechanisms for copper have been most extensively studied in 
Escherichia coli and now several genes are known to mediate this metal input and 
output (Silver and Phung 2005). For keeping intracellular Cu+ concentrations low E. 
coli uses, mostly, the ATP dependent P-type membrane protein CopA. In the 
periplasmic space protection of the bacteria this function is performed by CueO 
multi-copper oxidase and the Copper/Silver efflux system (CusCFBA) 
multicomponent efflux transport system (Nies and Silver 1995; Nies 1999). To date 
a relatively small number of microorganisms have demonstrated resistance to high 
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levels of free copper but for those as Acidithiobacillus ferooxidans and Sulfolobus 
metallicus concentrations of 100mM soluble Cu(II) are still tolerable (Orell et al. 
2010). Due to these organisms properties copper is, nowadays, one of the few heavy 
metals being biomined (Orell et al. 2010). 
4. Antibiotic resistance    
4.1. Antibiotic resistance origin and dissemination 
In an evolutionary time scale, the history of antibiotics usage in human activity is 
very recent. The first antibiotic discovered was penicillin in 1928 by Sir Alexander 
Fleming, and since 1940’s the usage of antibiotics has continuously increased. The 
increase in antibiotics usage and the rising number of resistance cases were nearly 
simultaneous events which lead to believe that the resistance pool originated when 
antibiotics where first introduced. Studies demonstrated much older origin of 
antibiotic resistance by recovering resistance determinants from bacteria dormant 
in the Siberian permafrost for hundreds of years (Kholodii et al. 2003), or by 
metagenomic analyses of bacteria in 30,000-year-old Beringian permafrost 
sediments (D’Costa et al. 2011). 
 The first documented case of antibiotic resistance is almost as old as the first use of 
antibiotics, and to this date, some databases register the existence of as much as 
20,000 potential resistance genes (Davies and Davies 2010). The dissemination of 
antibiotic resistance elements origin is not a current event; metagenomic analyses 
reveal diverse homologues of known resistance genes widespread across numerous 
environments never influenced by the human use of antibiotic (D’Costa et al. 2011). 
4.2. Mechanisms of antibiotic resistance 
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There are different biochemical mechanisms that bacteria use for defence against 
antibiotic such as decreased uptake, enzymatic modification and degradation, 
transport by efflux, alteration or overproduction of targets and creating a metabolic 
bypass (Giedraitienė et al. 2011). 
In bacteria the most common mechanisms, from those enumerated, are the last four 
(Van Hoek et al. 2011).  The antibiotic inactivation and modification consists in the 
use of enzymes such as, β-lactamases, aminoglycoside-modifying enzymes, and 
chloramphenicol acetyl-transferases to modify or inactivate antibiotics (Giedraitienė 
et al. 2011). These molecular alterations consist in hydrolyses, group transfer or 
redox processes (Giedraitienė et al. 2011). Several years before the introduction of 
penicillin as a treatment, in 1950, two researchers identified an enzyme capable of 
hydrolysing β-lactam rings and postulated that this could be an impediment to the 
treatment by this particular antibiotic (Davies 1994). In fact β-lactams hydrolysis is 
now one of the most studied antibiotic modification resistance mechanism, and 
there are extensive studies in resistance genes, in plasmids and transposons, that 
code for extended-spectrum β-lactamases, AmpC enzimes or carbapenem-
hydrolyzing β-lactamases (Van Hoek et al. 2011). Other classes of antibiotics are 
targets to different forms of resistance including aminoglycosides like kanamycin 
and gentamicin that can be subjected to several modifications, or chloramphenicol 
and chloramphenicol-like antibiotics that are subjected to the action of the enzyme 
group Chloramphenicol acetyltransferases (CAT) (Davies 1994).  
The target modification mechanism relies on the interaction between an antibiotic 
and a target molecule which is very specific so even small changes in a target 
molecule can influence the antibiotic action. Sometimes, in the presence of a 
modification in a target, other changes in the cell are needed to compensate an 
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altered target. This mechanism is used against vancomycin in enterococci where a 
cluster of genes that encode a cell wall component insert the sequence D-alanyl-D-
lacate of the regular D-alanyl-D-alanine thus reducing the affinity of the target 
molecule for the antibiotic (Courvalin 2006). 
Mechanism of membrane transport proteins, designated “efflux pumps”, export 
antibiotics from the inside of the cell to the exterior, maintaining their low 
intracellular concentrations. In this case the transport depends on the protein/s 
involved. Single component efflux systems transfer their substrates across the 
cytoplasmic membrane. In other cases, multicomponent pumps, like those found in 
gram-negative bacteria, together with a periplasmic membrane synthesis protein 
(MFP) component and an outer membrane protein (OMP) component transfer 
substrates across the cell envelope. The first antibiotic efflux mechanism described 
was for tetracycline in Escherichia coli. A Tet protein was able to export a 
tetracycline-Mg complex across the cytoplasmic membrane (Poole 2005). Nowadays 
there are several groups of protein transporters associated to this mechanism and 
can mediate the transport of a large variety of antibiotics. Among the better 
described systems are the major facilitator (MF) superfamily that possess efflux 
pumps capable of extruding chloramphenicol (Cml, MdfA, Flo), macrolides (Mef, 
MdeA), tetraciclines (TetA/B/C) and aminoglycosides (MdfA); the ATP-binding 
cassette family with transporters for macrolides (MsrA/C/D), β-lactams and 
aminoglycosides (LmrA) and the resistance nodulation division (RND) family, 
commonly associated with gram-negatives, with a large variety of targets and an 
even larger family of pumps (Poole 2005).   
Finally the bypass of antibiotic inhibition is a very specific mechanism of bacterial 
resistance to a particular antibiotic. Bacteria produce an alternative target, usually 
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an enzyme that is resistant to inhibition of antibiotic, for example, MRSA produces 
an alternative penicillin-binding protein (PBP). At the same time, bacteria produce a 
native target too, which is sensitive to antibiotics. An alternative target allows 
bacteria to survive by “fooling” the antibiotic to attack an insensitive target 
(Giedraitienė et al. 2011). 
Altered PBP’s is a common mechanisms use for β-lactams like penicillin and 
cephalosporin, since this class of antibiotics inhibits cell wall formation, this is 
observed in Neisseria and Streptococcus sp. (Levy and Bonnie Marshall 2004). 
 
 
 
 
 
 
 
 
 
 
Figure 3: Representation of antibiotic resistance 
mechanisms encoded by plasmid genes. Adapted from  
Levy and Bonnie Marshall 2004. 
Alternative 
target 
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IV. Objectives 
 
The main objective of this work was to evaluate the presence and diversity of 
microorganisms from pristine environments (not anthropogenically impacted) 
resistant simultaneously to antibiotics and heavy metals and to discuss the 
mechanisms of the resistances. 
To fulfil this objective the first task in this work focus on studying the microbial 
diversity of aerobic heterotrophic bacteria from an underwater oceanic site, the 
Lucky Strike geological formation. Isolated bacteria are identified based on their 
genetic profile using molecular typing tools and bioinformatics analyses. 
Secondly all organisms are evaluated for their resistance pattern to several heavy 
metals and antibiotics. These results will be obtained by cultivating each isolate in 
selective media containing the selective agent of interest. In the third task will be to 
determine the heavy metal and antibiotic resistances origin in genomic and 
plasmidial DNA of the resistant isolates.   
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
V. Materials and Methods 
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1. Identification of microbial isolates 
DNA from isolated organisms was obtained using a standard boiling protocol (Tsai 
and Olson 1991), and the resulting DNA was store at -20ºC.  
Amplification of the nearly full-length 16S rRNA gene sequence from each isolate 
DNA was performed by PCR with universal primers (27F - 5′-
AGAGTTGATCMTGGCTCAG-3′) and (1525R – 5’-AAGGAGGTGATCCAGCC-3’) (Rainey 
et al. 1996). In order to identify the isolated organisms, 16S rRNA sequences were 
analysed by the Blast software in GenBank and Eztaxon (Kanz et al. 2005; 
Rutherford et al. 2000).  
2. Identification of metal resistance bacteria 
Isolates were screened by Random Amplification of Polymorphic DNA (RAPD) 
typing, using primer OPA-03 (5’-AGT CAG CCA C-3’) (Operon Technologies, Inc. 
Alameda, California, USA). DNA profiles were grouped on the basis of visual 
similarities of the fragments analysed by electrophoresis in a 2% agarose gel stained 
with ethidium bromide. The bacterial strains unique in shape, size, colony, 
morphology and RAPD profile were used for 16S rRNA sequencing with universal 
primers 27F and 1525R. The obtained sequences were matched with the existing 
sequences using Blast programme in various databases as GenBank and EzTaxon 
(Kanz et al. 2005; Rutherford et al. 2000).  
3. Identification of antibiotic resistant bacteria 
All isolates resistant to antibiotics were subjected to RAPD analysis, using primer 
OPA-03. DNA profiles were grouped on the basis of visual similarities of the 
fragments analysed by electrophoresis in a 2% agarose gel stained with ethidium 
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bromide. DNA obtained from the bacterial strains, unique in shape, size, colony 
morphology and RAPD profile was used for 16S rRNA sequencing. The resulting 
sequences were matched with the existing sequences using Blast programme in 
various databases as GenBank and EzTaxon (Kanz et al. 2005; Rutherford et al. 
2000). 
4. Assessment of cross-resistance  
Antibiotic resistance of the bacteria isolated in media either with the metals: cooper, 
cadmium, zinc, chromium, arsenite, arsenate and antimonite or the antibiotics: 
vancomycin, penicillin G, naladixic acid, kanamycin, tetracycline, erythromycin, 
ampicillin, gentamicin and polymyxin B was analysed by Kirby-Bauer disk diffusion 
method. The bacteria were grown in minimal medium until they reached a turbidity 
of 0,1 (McFarland Scale), and 100µl of the suspension were plated in R2A+ sea water 
filtrate (SWF) agar and incubated at 22ºC for 48 hours. Growth inhibition was 
measured in millimeter and the resistance and sensitivity of the bacterial strains 
toward any antibiotic was calculated by the manufacturer guidelines. The antibiotics 
used were: Gentamycin- GM (10μg), Erythromycin- E (15μg), Naladixic Acid- NA 
(30μg), Tetracycline- TE (30μg), Penicillin G- P (10μg), Kanamycin- K (30μg), 
Chloramphenicol- C (30μg), Novobiocin- NB (30μg), Vancomycin- VA (30μg), 
Rifampicin B- RA (30μg), Ampicillin- Am (10μg) and Streptomycin- S (10μg). 
Metal resistance of the isolates was determined by incubation in R2A+SWF agar 
with a concentration of the following heavy metals: Arsenate – AsO43- (5mM); 
Arsenite – AsO33- (1mM); Chromium – Na2CrO4 (0.5mM); Uranium – U(II) (1mM); 
Zinc - ZnSO4 (1mM) Cobalt - Co (0.5mM); Cooper - CuSO4.5H2O (1mM); Antimonite – 
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NaSb(OH)4 (0.5mM) and Cadmium - CdSO4 (0.2M), and incubated at 22ºC for 
48hours. Results were showed according to growth or no growth. 
5.  Plasmid typing 
Plasmidic DNA was extracted from all bacterial strains isolated in heavy metals and 
antibiotics selective media, by midiprep kit (NZYTech) according to the 
manufacturer guidelines with minor alterations. Plasmid DNA was visualized on 1% 
agarose electrophoresis gels running in tris-acetate-EDTA (TAE) (1X) buffer at 
constant voltage (90V) and stained with ethidium bromide. Plasmids were extracted 
from the electrophoresis gels by Gel Extraction Kit (Omega). Total DNA was 
quantified by NanoDrop. 
5.1. Restriction endonucleases digestion 
The plasmidic DNA purified by midiprep kit (NZYTech) was used in restriction 
enzyme digestion. Plasmid DNA was subjected to restriction whith BamHI enzyme at 
27C for 2h30min. Digested plasmid DNA was visualized on 1% agarose 
electrophoreses gels in TAE (1X) buffer at constant voltage (90V) for 35 minutes, 
stained with ethidium bromide.  
   
 
 
  
  
 
 
 
 
 
 
VI. Results 
 
 
 
 
 
 
 
  
 
 Results 
29 
1. Identification of microbial isolates 
From a treated water-sediment sample collected from Lucky Strike hydrothermal 
vent (37°17_N, 32°16_W, depth 1,695 m), isolates were obtained by plating on R2A 
and sea water filtrate (SWF). Similar morphotypes were purified by repeated 
streaking on R2A+SWF resulting in one hundred and sixty three isolates. For each 
isolate DNA was extracted and purified.  
Amplification of the 16S rRNA from the isolated DNA was performed to all samples 
and this followed for sequencing. From the original hundred and sixty three isolates 
nineteen species were identified, each one containing a variable number of strains. 
With this isolation methodology we selected for heterotrophic aerobic bacteria. The 
species obtained represent three different Classes with three Firmicutes, seven 
Proteobacteria and nine Bacteroidetes. Fourteen species were gram-negative with 
the remaining four being gram-positive (Data not showed). The majority of isolates 
belonging to the species Eritrobacter citreus with fourty four isolates (Table 1). 
Furthermore, the genus Sulfitobacter was represented with thirty Sulfitobacter 
dubius, twenty three Sulfitobacter pontiacus and one Sulfitobacter delicatus (Table 
1). Additionally, the species Brevibacterium frigotolerans,   Ornithibacillus 
contaminans and Jeotgalibacillus marinus were represented by only one isolate each 
(Table 1). 
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Table 1: Isolates identification based on 16S rRNA sequencing and corresponding number of clones 
Bacteria Identification Nº of isolates 
Erytrobacter citreus 44 
Sulfitobacter pontiacus 23 
Oceanibulbus indoliflex 12 
Sulfitobacter dubius 30 
Maribacter dokdonensis 5 
Brevibacterium frigoritolerans 1 
Dokdonia donghaensis 8 
Acinetobacter johnsonii 5 
Meridianimaribacter flavus 8 
Maribacter forsetii 3 
Sulfitobacter delicatus 1 
Ornithibacillus contaminans 1 
Gaetbulibacter jejuensis 10 
Muricauda aquimarina 2 
Winogradskyella poriferorum 3 
Mesoflavibacter zeaxanthinifaciens 3 
Erythrobacter longus 3 
Jeotgalibacillus marinus 1 
 
2. Metal resistant bacteria 
Here we identified organisms resistant to a variety of heavy metals by selecting 
isolates on media containing heavy metals. Fifty five strains were obtained and 
subjected to DNA extraction and random amplification of polymorphic DNA – 
polymerase chain reaction (RAPD-PCR) amplification.  
Based on RAPD profiles fourteen strains were found in arsenate isolates with twelve 
strains having no duplicates, one strains with five duplicates, another with four 
duplicates and the remaining having two duplicates, these results are represented in 
Figure 4 (A) wells six and seven, Figure 4 (B) and (C) and Figure 4 (D) wells one and 
two. The six arsenite isolates belonged to five different strains, as can be observed in 
Figure 4 (A) wells one to four and Figure 4 (D) wells 3 and 4. In zinc isolates five 
isolates had distinct profiles with one of them having seven duplicates, Figure 4 (E). 
Three strains were discovered in eight antimonite isolates, one of them having six 
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duplicates Figure 4 (F) wells one to eight. The three copper isolates belonged to 
three distinct strains, represented in wells nine, ten and eleven from Figure 4 (F), 
and finally two strains were discovered among four cadmium isolates Figure 4 (F) 
wells twelve, thirteen and fourteen and Figure 4 (G).  
 
Figure 3: RAPD-PCR of heavy metals resistant isolates an a 2% agarose electrophoresis gels in TAE (1X), stained with 
ethidium bromide A -  wells 1 to 4- Arsenite 1/2/3/4, well 5- Chromium 1, wells 1 and 2- Arsenate 1 and 3; B- wells 1 to 
6- Arsenate 4 to 9; C- wells 1 to 11- Arsenate 10 to 20; D - wells 1 to 4 – Arsenate 1* and 2*,Arsenite 1* and 2*; E - wells 
1 to 11-  Zinc 1 to 11; F - wells 1 to 15 – Antimonite 1 to 8, Copper 3, 4 and 7, Cadmium 1, 2 and 3; G – Cadmium 4. All 
unmarked wells contain 4µl NZYTech DNA latter III. 
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In order to confirm and complete the RAPD-PCR result, DNA from isolates were used 
for 16S rRNA gene amplification and sequencing. 
Sequencing results confirmed the RAPD results. Table 2 show the heavy metal used 
in the selective media and the isolates and species recovered in these media. Eight 
species were isolated from arsenate, two from arsenite, one from zinc, two from 
copper, two from antimonite, one from cadmium and two from chromium (Table 2). 
The highest number of isolates, nine strains, was obtained on arsenate (Table 2). 
This might be related to the ubiquitous arsenate resistance genes among bacteria. 
By comparison the lesser number of arsenite species recovered, two, may be 
indicative of this heavy metal higher toxicity. Erytrobacter citreus was the species 
more represented both in the number of isolates in non-selective medium as in the 
number of isolates in the presence of heavy metals, one in arsenate, eleven in zinc 
and four in cadmium. Again the Sulfitobacter genus is the larger with thirteen 
Sulfitobacter pontiacus in arsenate, arsenite, copper and antimonite, six Sulfitobacter 
dubius in arsenate, antimonite and chromium and one Sulfitobacter litoralis. 
For each organism identified an abbreviated name was attributed based on the 
organism name and the selective medium where it was isolated, for example: 
Maribacter doghaensis/As(V) – MdoA5.  
 
 
 
 Results 
33 
Table 2: Compiled results of 16S rRNA sequencing from isolates in R2A with the heavy metals arsenate, arsenite, 
zinc, copper, antimonite, cadmium and chromium.      
Selective 
medium 
Identification 
Abbreviated 
name 
Nº of 
isolates 
 
Arsenate Maribacter dokdonensis MdoA5 1  
Aurantimonas litoralis AliA5 1  
Sulfitobacter pontiacus SpoA5 3  
Sulfitobacter dubius SduA5 3  
Dokdonia donghaensis DdoA5 4  
Ocenibulbus indoliflex OinA5 5  
Mesoflavibacter zeaxanthinifaciens MzeA5 3  
Erythrobacter citreus EciA5 1  
Arsenite Sulfitobacter pontiacus SpoA3 3  
Dokdonia donghaensis DdoA3 3  
Zinc Erythrobacter citreus EciZ 11  
Copper Sufitobacter pontiacus SpoCu 1  
Staphylococcus saprophyticus subsp. 
bovis 
SsaCu 
1  
Sulfitobacter litoralis  SliCu 1  
Antimonite Sulfitobacter pontiacus SpoSb 6  
Sulfitobacter dubius SduSb 2  
Cadmium Erythrobacter citreus EciCd 4  
Chromium Halomonas meridian HmeCr 1  
Sulfitobacter dubius SduCr 1  
 
3. Antibiotic resistant bacteria  
As well as for heavy metal isolates, organisms were identified based on their 
resistance to several antibiotics. DNA from one hundred and eleven antibiotic 
isolates was extracted and used for RAPD-PCR amplification. Based on RAPD profiles 
seven strains were identified in naladixic acid Figure 2 (A) wells one to fourteen and 
(B) wells one to eight, one of them with nine duplicates, three strains with three 
duplicates each, one with two duplicates and two with no duplicates. Three strains 
were found in ampicillin isolates Figure 2 (C), one of them with three duplicates, 
wells three four and five. In Figure 3 we could observe the RAPD profiles from 
vancomycin and penicillin G isolates both in  Figure 3 (A) wells one and two, 
respectively, in the same gel from wells three to eighteen there was ten strains of 
 Results 
34 
gentamycin, one with six duplicates, eight with no duplicates and one with two 
duplicates. Twelve strains were isolated in in polymyxin B Figure 3 (B) wells one to 
fifteen, with one strain having four duplicates; all the other isolates represent 
different strains. There is one strain in rifampicin B isolates Figure 3 (C). From the 
fourteen isolates in tetracycline ten strains were distinct when comparing RAPD 
profiles Figure 3 (D), one species had two duplicates, wells one and five, and another 
species had four duplicates, wells  three four nine and ten, the remaining eight 
isolates had no duplicates. Finally twelve species were found in kanamycin isolates 
Figure 3 (E) (F) and (G), duplicates were found in six species, one with five, one with 
two, one with three, one with eight and one with four. 
 
Figure 4: RAPD-PCR of antibiotic resistant isolates on a 2% agarose electrophoresis gels in TAE (1X), 
stained with ethidium bromide: a) wells 1 to 14– Naladixic Acid 1 to 14; b) wells 1 to 8 – Naladixic Acid 15 
to 22 and c) wells 1 to 5- Ampicillin 1, 2, 3, 4, 5. On each figure unmarked well contains 4µl NZYTech DNA 
latter III.  
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Figure 5: RAPD-PCR of antibiotic resistant isolates on a 2% agarose electrophoresis gels in TAE (1X), stained 
with ethidium bromide:  a) wells 1- Vancomycin, 2-  Penicillin G, 3 to 16- Gentamycin 1 to 14; b) wells 1 to 15– 
Polymyxin B 1 to 15; c) well 1- Rifampicin B; d) wells 1 to 20- Kanamycin 1 to 20; e) wells 1 to 14- Kanamycin 
21 to 34; f) wells 1 to 5- Kanamycin 35, 36, 37, 38, 39 and on g) wells 1 to 14- Tetracycline 1 to 14. On each 
figure unmarked well contains 4µl NZYTech DNA latter III.      
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As well as for the heavy metal isolates, each antibiotic isolate 16S rRNA was 
sequenced resulting in one species isolated from ampicillin, one from penicillin G, 
one from vancomycin, seven from gentamicin, eight from tetracycline, three from 
naladixic acid, seven from kanamycin and five from polymyxin B. Organisms 
nomenclature was attributed following the same rules as per heavy metal isolates. 
For each species there are one or multiple clones, these results are demonstrated in 
Table 3. 
The highest number of isolates was obtained on tetracycline with nine strains, 
followed by gentamicin and kanamycin with seven strains each (Table 2). On the 
opposing end ampicillin, penicillin G and vancomycin only had one species each. As 
was the case for R2A+SWF and R2A+SWF with heavy metals isolates, Erytrobacter 
citreus is the species with the larger number of isolates, six in gentamicin, twenty 
two in naladixic acid, seven in kanamycin and nine in polymyxin B. The species 
Gaetbulibacter jejuensis is also predominant with a total of twenty four isolates in 
tetracycline, naladixic acid, kanamycin and polymyxin B. In this selective media the 
predominant Genus were Sulfitobacter and Maribacter. The first is present in five 
antibiotic media with two different species, Sulfitabacter dubius and Sulfitobacter 
pontiacus; the second is evenly distributed in gentamicin, tetracyclin and kanamycin 
with three species, Maribacter dokdonensis, Maribacter stanieri and Maribacter 
forseforsetii.  
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Table 3: Compiled results of 16S rRNA sequencing from isolates in R2A with the antibiotics ampicillin, penicillin 
G, vancomycin, gentamicin, tetracycline, naladixic acid kanamycin and polymyxin B. 
Selective medium Identification Abbreviated name Nº Isolates 
Ampicillin Sulfitobacter pontiacus SpoAm 6 
Penicillin G Sulfitobacter pontiacus SpoP 1 
Vancomycin Sulfitobacter dubius SduVa 2 
Gentamicin Maribacter dokdonensis MdoGm 1 
Maribacter stanieri MstGm 1 
Erythrobacter citreus EciGm 6 
Sulfitobacter dubius SduGm 2 
Muricauda aquamarina MaqGm 1 
Dokdonia donghaensis DdoGm 2 
Mesoflavibacter zeaxanthinifaciens MzeGm 1 
Tetracycline Psychrobacter submarinus PsuTe 2 
Maribacter dokdonensis MdoTe 1 
Dockdonia donghaensis DdoTe 3 
Maribacter forsetii MfoTe 1 
Winogradskyella poriferorum WpoTe 3 
Gaetbulibacter jejuensis GjeTe 1 
Mesoflavibacter zeaxanthininfaciens MzeTe 1 
Halomonas meridian HmeTe 1 
Naladixic Acid Erythrobacter citreus EciNA 22 
Sulfitobacter dubius SduNA 1 
Gaetbulibacter jejuensis GjeNA 1 
Kanamycin Mesoflavibacter zeaxanthininfaciens MseK 4 
Winogradskyella poriferorum WpoK 1 
Erythrobacter citreus EciK 7 
Meridianimaribacter flavus MflK 1 
Maribacter dokdonensis MdoK 1 
Gaetbulibacter jejuensis GjeK 21 
Dokdonia donghaensis DdoK 1 
Polymyxin B Dokdonia donghaensis DdoPB 1 
Gaetbulibacter jejuensis GjePB 1 
Erythrobacter citreus EciPB 9 
Mesoflavibacter zeaxanthininfaciens MzePB 3 
Staphylococcus saprophyticus subsp. 
bovis 
SsaPB 
1 
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4. Assessment of cross-resistant bacteria  
4.1. Metal isolates  
Sensitivity, indifference and/or resistance to a particular antibiotic were determined 
by measuring the inhibition halo around each antibiotic disk, in millimetres.  
Cross-resistance studies for heavy metal isolates showed that every isolate was 
resistant to, at least, one antibiotic and two heavy metals but no one was able to 
resist to all antibiotics or heavy metals (Table 4 and Table 5). The higher number of 
putative resistances, to antibiotics, was observed in two Dokdonia donghaensis 
isolated in R2A+SWF with arsenite and arsenate, DdoA5 and DdoA3, each one 
demonstrated to be resistant to ten antibiotics only being overcome by the effects of 
novobiocin and rifampicin B (Table 4). In the case of heavy metal resistances the 
results are relatively constant with values from two to four resistances per organism 
(Table 5). The only organism to be resistant to at least five heavy metals is a 
Staphylococcus saprophyticus subsp. bovis isolated in copper (Table 5).  
Some selective agents affected all organisms in the same manner as is the case of 
arsenate that did not impaired the proliferation of any isolate or the contrary cobalt 
that inhibited the growth of all heavy metal isolates (Table 5). Rifampicin B was the 
only antibiotic that, at the given concentration was able to inhibit the growth of all 
heavy metal isolates (Table 4). 
These results include all different isolates from each media as well as the clones that 
demonstrate a different resistance profile from each other, for example SpoA3 and 
SpoA3* represent the same organism but they differ in the resistance to naladixic 
acid, vancomycin and streptomycin (Table 4).    
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Table 4: Table illustrating the resistance of heavy metal isolates to the antibiotics: Gentamycin - Gm (10μg), 
Erythromycin - E (15μg), Naladixic Acid - NA (30μg), Tetracycline - Te (30μg), Penicillin G - P (10μg), Kanamycin 
- K (30μg), Chloramphenicol - Cm (30μg), Novobiocin - NB (30μg), Vancomycin - Va (30μg), Rifampicin - Ra 
(30μg), Ampicillin - Am (10μg) and Streptomycin - S (10μg). Resistance is displayed as a range of values, in 
millimetres, indicating sensitive (<x), indifferent (x-y) or resistant (≥x). 
Isolate Gm E NA Te P K C NB Va Ra Am S 
MdoA5 ≥16 <17 ≥20 ≥19 ≥29 ≥17 8-16 <16 ≥11   <14 11-16 ≥15 
AliA5 ≥16 <17 <15 <17 ≥29 15-16 <8 <16 ≥11 <14 11-16 ≥15 
SpoA5 <14 <17 15-19 ≥19 ≥29 <15 <8 <16 <11 <14 ≥17 13-14 
SduA5 <14 <17 ≥20 ≥19 ≥29 <15 <8 <16 <11 <14 ≥17 <13 
DdoA5 ≥16 ≥22 ≥20 ≥19 ≥29 ≥17 ≥17 16-22 ≥11 <14 ≥17 ≥15 
DdoA5* <14 17-21 15-19 ≥19 ≥29 ≥17 <8 <16 <11 14-18 ≥17 ≥15 
OinA5 14-15 <17 ≥20 <17 8-28 <15 <8 <16 <11 <14 <11 13-14 
MzeA5 ≥16 17-21 <15 <17 ≥29 ≥17 8-16 <16 <11 <14 ≥17 ≥15 
EciA5 <14 <17 ≥20 <17 ≥29 <15 <8 <16 <11 <14 ≥17 13-14 
SpoA3 14-15 <17 15-19 17-18 ≥29 <15 <8 <16 <11 <14 ≥17 13-14 
SpoA3* 14-15 <17 <15 17-18 ≥29 <15 <8 <16 ≥11 <14 ≥17 ≥15 
DdoA3 ≥16 ≥22 ≥20 ≥19 ≥29 ≥17 ≥17 16-22 ≥11 <14 ≥17 ≥15 
EciZ <14 <17 ≥20 <17 ≥29 <15 <8 <16 <11 <14 ≥17 13-14 
SpoCu <14 <17 15-19 ≥19 ≥29 <15 <8 <16 <11 <14 ≥17 13-14 
SsaCu <14 ≥22 ≥20 17-18 8-28 <15 <8 16-22 <11 <14 <11 ≥15 
SliCu <14 <17 ≥20 ≥19 ≥29 <15 <8 <16 <11 <14 ≥17 <13 
SpoSb 14-15 <17 15-19 17-18 ≥29 <15 <8 <16 <11 <14 ≥17 13-14 
SduSb <14 <17 <15 ≥19 ≥29 <15 <8 <16 <11 <14 ≥17 <13 
EciCd <14 <17 ≥20 <17 ≥29 <15 <8 <16 <11 <14 ≥17 13-14 
HmeCr ≥16 ≥22 <15 ≥19 <8 ≥17 <8 ≥23 <11 <14 <11 ≥15 
SduCr ≥16 17-21 ≥20 17-18 8-28 ≥17 <8 <16 ≥11 <14 ≥17 ≥15 
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Table 5: Table illustrating the resistance of heavy metal isolates to the heavy metals: Arsenate (5mM); Arsenite 
(1mM); Chromium (0.5mM); Uranium (1mM); Zinc (1mM) Cobalt (0.5mM); Copper (1mM); Antimonite (0.5mM) 
and Cadmium (0.2mM). Resistance is displayed as growth (+), low growth (±) or no growth (-). 
Isolate Arsenate Arsenite Chromium Uranium Zinc Cobalt Copper Antimonite Cadmium 
MdoA5 
 
+ - - + - + - - 
AliA5 
 
- + + ± - - + - 
SpoA5 
 
+ - - - - ± + ± 
SduA5 
 
- + - - - ± + ± 
DdoA5 
 
+ - - + - + + ± 
OinA5 
 
- - - + - ± + ± 
MzeA5 
 
- - - + - + + + 
EciA5 
 
± - - + - - - + 
SpoA3 + 
 
- - - - ± + ± 
DdoA3 + 
 
- - + - + + ± 
EciA3 + 
 
- - - - - - + 
SpoCu + + - - - - 
 
+ ± 
SsaCu + - + + - - 
 
+ + 
SliCu + - - - - - 
 
+ ± 
SpoSb + + - - - - + 
 
± 
SduSb + - + - - - ± 
 
± 
EciCd + ± - - + - - - 
 
HmeCr + - 
 
+ - - - - - 
SduCr + - 
 
- - - ± + ± 
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4.2. Antibiotic isolates  
The Kirk Bauer disk diffusion method was performed to determine the cross 
resistance to antibiotic isolates.  
The cross-resistance results in antibiotic isolates indicate all organisms are 
putatively resistant to at least one heavy metal and two antibiotics but, as in heavy 
metal isolates, no antibiotic isolate is resistant to all heavy metals and/or antibiotics 
(Table 6 and Table 7).  
As to the cross-resistance to antibiotics the values vary from three putative 
resistances demonstrated by the strains SduGm and EciNA, to eight different 
antibiotics putative resistances, as is the case of MstGm, MdoTe*, WpoTe, MdoK and 
GjePB (Table 6). Regarding the cross-resistance to heavy metals the same result 
seen for heavy metal isolates was observed when analysing arsenate’s and cobalt’s 
effect, the first is not effective in inhibit the growth of any isolate and the second 
prevent the growth of all isolates (Table 7). Only one isolate a Staphylococcus 
saprophyticus subsp. bovis isolated in polymyxin B demonstrate resistance to more 
than five different heavy metals (Table 7).  
Cross-resistance to antibiotics include all different species as well as the duplicates 
that demonstrated a different resistance profile from each other, as is the case of 
EciGm and EciGm*, that differed for erythromycin, tetracycline and streptomycin, 
MdoTe and MdoTe* differed in theirs resistance profiles to gentamycin, 
erythromycin, kanamycin, chloramphenicol, novobiocin and ampicillin and finally 
GjeNA and GjeNA* diverged in theirs profile to gentamycin, erythromycin, ampicillin 
and streptomycin. 
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Table 6: Table illustrating the resistance of antibiotic isolates to the antibiotics: Gentamycin (10μg), 
Erythromycin (15μg), Naladixic Acid (30μg), Tetracycline (30μg), Penicillin G (10μg), Kanamycin (30μg), 
Chloramphenicol (30μg), Novobiocin (30μg), Vancomycin (30μg), Rifampicin (30μg), Ampicillin (10μg) and 
Streptomycin (10μg). Resistance is displayed as a range of values, in millimetres, indicating sensitive (<x), 
indifferent (x-y) or resistant (≥x). 
Isolates Gm E NA Te P K C NB Va Ra Am S 
SpoAm ≥16 <17 ≥20 ≥19 ≥29 ≥17 <8 <16 <11 <14 
 
≥15 
SpoP ≥16 <17 ≥20 17-18 
 
≥17 <8 <16 ≥11 <14 ≥17 ≥15 
SduVa ≥16 17-21 ≥20 17-18 8-28 ≥17 <8 <16 
 
<14 ≥17 ≥15 
MdoGm 
 
<17 17-19 ≥19 ≥29 ≥17 <8 <16 <11 <14 11-16 ≥15 
MstGm 
 
<17 ≥20 ≥19 ≥29 <15 ≥17 16-22 ≥11 <14 ≥17 ≥15 
EciGm 
 
<17 ≥20 <17 ≥29 <15 <8 <16 <11 <14 ≥17 13-14 
EciGm* 
 
≥22 ≥20 17-18 ≥29 ≥17 <8 <16 <11 <14 ≥17 ≥15 
SduGm 
 
<17 ≥20 <17 <8 <15 <8 <16 <11 <14 <11 ≥15 
MaqGm 
 
17-21 ≥20 ≥19 ≥29 ≥17 <8 <16 <11 <14 ≥17 ≥15 
DdoGm 
 
≥22 <17 ≥19 ≥29 ≥17 <8 <16 <11 <14 11-16 ≥15 
MzeGm 
 
≥22 <17 ≥19 8-28 ≥17 ≥17 <16 <11 <14 <11 ≥15 
PsuTe ≥16 17-21 ≥20 
 
≥29 ≥17 ≥17 <16 <11 <14 11-16 ≥15 
MdoTe <14 ≥22 17-19 
 
≥29 <15 <8 ≥23 ≥11 <14 11-16 ≥15 
MdoTe* ≥16 <17 17-19 
 
≥29 ≥17 ≥17 <16 ≥11 <14 ≥17 ≥15 
DdoTe <14 17-21 17-19 
 
≥29 ≥17 <8 <16 <11 14-18 ≥17 ≥15 
MfoTe <14 <17 ≥20 
 
≥29 <15 ≥17 16-22 ≥11 <14 ≥17 ≥15 
WpoTe ≥16 17-21 ≥20 
 
≥29 ≥17 ≥17 <16 <11 <14 ≥17 ≥15 
GjeTe ≥16 ≥22 <17 
 
≥29 ≥17 8-16 <16 <11 <14 ≥17 ≥15 
MzeTe ≥16 <17 ≥20 
 
≥29 <15 ≥17 16-22 ≥11 <14 <11 ≥15 
HmeTe ≥16 ≥22 <17 
 
≥29 15-16 <8 ≥23 <11 <14 ≥17 ≥15 
EciNA <14 <17 
 
<17 ≥29 <15 <8 <16 <11 <14 ≥17 13-14 
SduNA <14 ≥22 
 
<17 ≥29 <15 <8 <16 <11 <14 ≥17 13-14 
GjeNA ≥16 <17 
 
≥19 ≥29 ≥17 <8 <16 <11 <14 ≥17 ≥15 
GjeNA* 14-15 17-21 
 
≥19 ≥29 ≥17 <8 <16 <11 <14 <11 ≥15 
MzeK <14 17-21 <17 ≥19 ≥29 
 
≥17 <16 <11 <14 11-16 ≥15 
WpoK ≥16 17-21 <17 ≥19 ≥29 
 
≥17 <16 <11 <14 ≥17 ≥15 
EciK <14 <17 ≥20 <17 ≥29 
 
<8 <16 <11 <14 ≥17 13-14 
MflK ≥16 17-21 <17 ≥19 ≥29 
 
≥17 <16 <11 <14 11-16 ≥15 
MdoK ≥16 17-21 <17 ≥19 ≥29 
 
≥17 <16 ≥11 <14 ≥17 ≥15 
GjeK ≥16 17-21 <17 ≥19 ≥29 
 
≥17 <16 <11 <14 11-16 ≥15 
DdoK <14 17-21 17-19 ≥19 ≥29 
 
<8 <16 <11 14-18 ≥17 ≥15 
DdoPB <14 17-21 17-19 ≥19 ≥29 ≥17 <8 <16 <11 14-18 ≥17 ≥15 
GjePB ≥16 17-21 <17 ≥19 ≥29 ≥17 ≥17 <16 <11 <14 11-16 ≥15 
EciPB <14 <17 ≥20 <17 ≥29 <15 <8 <16 <11 <14 ≥17 13-14 
MzePB ≥16 17-21 <17 <17 ≥29 ≥17 8-16 <16 <11 <14 ≥17 ≥15 
SsaPB <14 ≥22 ≥20 17-18 8-28 <15 <8 16-22 <11 <14 <11 ≥15 
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Table 7: Table illustrating the resistance of antibiotic isolates to the heavy metals Arsenate (5mM); Arsenite 
(1mM); Chromium (0.5mM); Uranium (1mM); Zinc (1mM) Cobalt (0.5mM); Cooper (1mM); Antimonite (0.5mM) 
and Cadmium (0.2mM). Resistance is displayed as growth (+), low growth (±) or no growth (-). 
Isolates Arsenate  Arsenite  Chromium Uranium Zinc  Cobalt Copper Antimonite Cadmium 
SpoAm + + - - - - + + ± 
SpoP + + - - - - + + ± 
SduVa + - + - - - ± + ± 
MdoGm + - - - + - + - - 
MstGm + ± - - - - + - - 
EciGm + - - - + - - - + 
SduGm + - + - - - ± + ± 
MaqGm + - - - - - - - - 
DdoGm + ± - - + - + + ± 
MzeGm + - - - + - + + + 
PsuTe + - - - - - - - - 
MdoTe + + - - + - + - - 
DdoTe + - - - + - + + ± 
MfoTe + + - - - - + - - 
WpoTe + - - - - - - - - 
GjeTe + - - - - - - - - 
MzeTe + - - - + - + + + 
HmeTe + - + + - - - - - 
EciNA + ± - - + - - - + 
SduNA + ± + - - - ± + ± 
GjeNA + - - - - - - - - 
MzeK + - - - + - + + + 
WpoK + - - - - - - - - 
EciK + ± - - + - - - + 
MflK + - - - - - - - - 
MdoK + + - - + - + - - 
GjeK + - - - - - - - - 
DdoK + ± - - + - + + ± 
DdoPB + ± - - + - + + ± 
GjePB + - - - - - - - - 
EciPB + ± - - + - - - + 
MzePB + - - - + - + + + 
SsaPB + - + + - - + + + 
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5. Plasmid typing  
Plasmid DNA was isolated from the twenty heavy metal isolates used in cross-
resistance studies plasmid DNA was isolated and purified by Midiprep purification 
kit. To confirm the presence of plasmid DNA the purification result was applied to 
1% agarose electrophoresis gels tris-acetate-EDTA (TAE) (1X). 
In the case of isolates in antibiotic the result of midiprep isolation showed a 
possibility of ten putative plasmids. Samples PsuTe and MdoGm both appeared 
presented two fragments Figure 7 (A). 
Trough analyses of the DNA fragments from heavy metals isolates there is a 
possibility of sixteen plasmids in these isolates, with multiple plasmids per 
organism, as is the case of OinA5 and SpoCu with two fragments each, MzeA5 with 
three fragments Figure 8 (A), sample SpoA5 had two fragments and SliCu had tree 
fragments Figure 6 (B). 
 
Figure 7: Representation of 1% agarose electrophoresis gels in TAE (1X), stained with ethidium bromide 
depicting the result of midiprep purification of plasmidial DNA. In each well 10µl of purified plasmids were 
applied as follow: A - 1-PsuTe, 2- SsaPB, 3- SpoP, 4-MdoGm, 5-SpoAm, 6-WpoK; B - 1-SduNA, 2-MstGm. All gels 
exhibit an NzyTech DNA latter (4µl) for size reference. 
 1                                       2              3          4             5           6 
A 
 1                         2 
B 
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All fragments from samples with possible multiple plasmids were extracted from the 
gel as well as samples that appeared to have residual genomic DNA. The combined 
list possible plasmids purified from heavy metal and antibiotic isolates accounted 
for a total of twenty six.  
Figure 8: Representation of 1% agarose electrophoresis gels in TAE (1X), stained with 
ethidium bromide depicting the result of midiprep purification of plasmidial DNA. In each well 
10µl of purified plasmids were applied as follow: a) 1- OinA5, 2-SpoCu, 3-MzeA5; b) 1-DdoA5, 
2-SpoA5, 3-SliCu; c) 1-SduA5; d)-MdoA5 and e)-AliA5. All gels exhibit an NzyTech DNA latter 
(4µl) for size reference. 
1 
C 
 1     
D 
1 
E 
 1           2                  3    
B 
1          2           3 
A 
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Samples of individual and multiple putative plasmids were then quantified by 
Nanodrop (Table 8). 
Table 8: Table representing the nucleic acid concentration in ng/µL of samples with single putative plasmids 
(white shading) and samples with multiple putative plasmids (grey shading). DNA purity is expressed as a ratio 
protein/DNA (260/280).  
Plasmid/s Name Nucleic Acid Concentration [ng/µL] A260 A280 260/280 
MdoA5 136.5 2.73 1.564 1.74 
AliA5 27.7 0.554 0.301 1.84 
SduA5 11 0.219 0.125 1.76 
SduA5 1 5.7 0.115 0.058 1.98 
SduA5 2 22.5 0.451 0.256 1.76 
DdoA5 20 0.401 0.287 1.4 
MzeA5 99.4 1.988 1.095 1.82 
MzeA5 1 4.8 0.096 0.044 2.18 
MzeA5 2 5.3 0.106 0.07 1.51 
MzeA5 3 18 0.359 0.275 1.31 
OinA5 1 34.7 0.695 0.218 3.19 
OinA5 2 16.2 0.324 0.193 1.68 
SpoA5 1 10.7 0.214 0.146 1.47 
SpoA5 2 4.3 0.086 0.038 2.26 
SpoA5 3 13.7 0.274 0.138 1.98 
SpoCu 44.4 0.889 0.512 1.74 
SpoCu 1 6.4 0.128 0.07 1.83 
SpoCu 2 6.7 0.135 0.039 3.46 
SliCu 47.2 0.944 0.618 1.53 
SsaPB 37.2 0.745 0.448 1.66 
SpoAm 14.2 0.284 0.154 1.84 
PsuTe 38.2 0.763 0.411 1.85 
PsuTe 1 4.2 0.083 0.041 2.01 
PsuTe 2 5.6 0.111 0.03 3.68 
MdoGm 15.5 0.311 0.175 1.77 
MdoGm 1 7.5 0.15 0.065 2.32 
MdoGm 2 8.8 0.176 0.044 4.01 
MstGm 181 3.62 2.052 1.76 
WpoK 19 0.38 0.219 1.73 
SpoP 16.4 0.329 0.177 1.85 
SduNA 219.8 4.397 2.719 1.62 
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DNA quantification varied from 219.8 ng/µL to 4.2 ng/µL. Samples MdoA5, Mze A5, 
MstGm and SduNA contain the higher concentrations of DNA of 136.5; 99.4; 181 and 
219.8 ng/µL, respectively. 
5.1. Restriction endonucleases digestion 
 Digestion with restriction endonucleases was performed to determine if the 
plasmids samples obtained could be classified as plasmids.  
 
 
 
 
 
 
 
 
 
Figure 9: Image of a 1% agarose gel electrophoreses with samples from a DNA 
digestion with the restriction endonuclease BamHI. Gel a) 1- SduNA, 2- MstGm, 3- 
SliCu, 4- MdoGm; b) 1- SduA5, 2- MzeA5, 3- SpoCu.   NzyTech DNA latter (4µl) was 
used as size reference. 
  1               2              3               4 
a 
  1                2                3           
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Biology of extreme environments 
Extreme environments can be a result of steep chemical properties such as high 
salinity, very high or low pH, abundant presence of toxic chemicals like heavy 
metals; or physical properties as extreme heat or cold, high pressure, radiation and 
so on.  As a part of these environments deep-sea hydrothermal vents represent a 
complex geological and biological system. These environments are characterized by 
anoxia, highly variable temperature, elevated pressure and the presence of heavy 
metals in high concentrations (Zierenberg, Adams and Arp 2000). In most case each 
of the life-treating conditions enumerated has to be overcome by mechanisms of 
tolerance or resistances in order to an organism proliferate. Some authors 
emphasize the importance of comparing the Lucky Strike site to nearby 
hydrothermal vent sites, such as the Rainbow vent system. Lucky Strike is more 
oxidizing and vent fluids are poorer in hydrogen (Byrne et al. 2009; Flores et al. 
2011).  
Bacterial isolation 
 In this work the initial goal was to isolate a bacterial population from the deep sea 
Lucky Strike hydrothermal vents system. Non-selective and selective media were 
used or isolation of an aerobic heterotrophic microbial. Regarding the medium used, 
R2A has a low nutrient content and was developed for the isolation of chlorine-
tolerant bacteria from drinking water (Reasoner et al. 1979). In the medium 
preparation by replacing distilled water by filtered sea water the conditions for 
isolation is more suitable for marine microbiota. Despite being a non-selective 
media R2A and filtered sea water (SWF) is a manmade medium that can mimic the 
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environmental conditions, nonetheless the environmental community obtained will 
be limited by the medium and growth conditions. 
From the organisms isolated in medium with heavy metals the RAPD-PCR results 
are in accordance with the 16S rRNA gene amplification that identified twelve 
different species with eight species isolated from arsenate, two from arsenite, one 
from zinc, two from copper, two from antimonite, one from cadmium and two from 
chromium.  
On bacteria isolated in the presence of antibiotics the RAPD results were supported 
by the 16S rRNA gene amplification that identified fifteen different species, one 
species isolated from ampicillin, one from penicillin G, one from vancomycin, seven 
from gentamicin, eight from tetracycline, three from naladixic acid, seven from 
kanamycin and five from polymyxin B.  
When comparing the number of species recovered in R2A+SWF with heavy metal or 
antibiotic selection to those from R2A+SWF there are a decrease in the number of 
species obtained, which is expected due to the factor of selectivity imposed by the 
presence of heavy metals or antibiotics. Nevertheless four species obtained in 
R2A+SWF with heavy metals, Aurantimonas litoralis, Oceanibulbus indoliflex, 
Staphylococcus saprophyticus subs. bovis and Sulfitobacter litoralis where not 
present in the isolates from R2A+SWF. This is also observed when comparing 
R2A+SWF with antibiotics isolates to R2A+SWF isolates. The species Staphylococcus 
saprophyticus subs. bovis, Maribacter stanieri, Psychrobacter submarinus, and 
Halomonas meridiana were found in R2A+SWF with antibiotics despite being absent 
form R2A+SWF isolates. In this case, possibly, the presence of a selective pressure 
allowed for the above mentioned species to compete for growth. This would not 
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happen if the faster or more abundant bacteria present were also tolerant or 
resistant to the heavy metals or antibiotics in the medium. 
This bacterial community and methodology of isolation are new for this particular 
environment, although similar studies have been conducted in other aquatic 
environments (Allen, Austin, and Colwell 1977; Timoney et al. 1978). In these 
studies bacterial communities were mostly composed of Bacillus, Staphylococcus 
aureus, Escherichia coli, Salmonella typhi and Pseudomonas aeruginosa. Resistances 
in the mentioned organism are studied in abundance since they are commonly 
present in clinical settings. However organisms isolated from Lucky Strike are not so 
well known in terms of their resistances and resistant mechanisms. Strains from 
Eryithrobacter citreus are as all Erythrobacters aerobic anoxygenic phototrophic 
bacteria isolated mostly from sea water (Denner et al. 2002). To this particular 
species there are no known resistance to heavy metals or antibiotics, yet it is known 
that it is highly resistant to solar radiation (Agogué et al. 2005). Sulfitobacter is 
another genus largely represented in the isolates obtained. These organisms are 
neutrophils and mesophilic and require NaCl to grow but there are no known 
resistances to either antibiotics or heavy metals (Park et al. 2007). 
Cross-resistance to heavy metals in heavy metals isolates 
The number of putative resistances per organism varies from two to five in isolates 
recovered in the presence of one heavy metal cross-resistance to other heavy 
metals. All species appear to be resistant to arsenate (Table 5). Resistance to 
arsenate is much conserved among bacteria (Barreto et al. 2003; Silver and Phung 
2005), this may be a result of the adaptation of ancient organisms that lived in Earth 
when the atmosphere were less oxidizing and arsenate was more soluble (Williams 
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and Fraústo da Silva 2003). Interestingly the species Maribacter dokdonensis, is 
resistant to antimonite although being sensitive to arsenite, to date the mechanism 
that explains the resistance to either heavy metal is shared, (Silver and Phung 2005). 
Contrarily to arsenate no microorganism was resistant to cobalt. Resistance to 
cobalt in gram-negative bacteria is usually driven by efflux from transporters of the 
resistance-nodulation-division (RND) family or transporters from the cation 
diffusion facilitator (CDF) family in the case of gram-positive bacteria and is 
commonly a by-product of nickel, zinc or cadmium resistance (Nies 1999). Nickel 
resistance was not studied but zinc and cadmium were and organisms were able to 
grow in both heavy metals. Some resistance mechanisms involve cobalt, zinc and 
cadmium like the Ncc (Nies 1999) or the Czc (Nies 1992), another resistance 
mechanism involve cobalt and nickel the (Cnr) efflux pump (Liesegang et al. 1993). 
In the heavy metals isolates obtains it seems that none of the mechanisms described 
is present.   
Cross-resistance to antibiotics in heavy metals isolates 
In the case of cross resistance to antibiotics, a relevant result is demonstrated by the 
organisms DdoA5 and DdoA3 that demonstrated to be putatively resistant to ten of 
the twelve antibiotics tested.  Dokdonia donghagensis is a gram negative, non-motile 
and slightly halophile bacteria, and it was previously described to be sensitive to 
penicillin G and chloramphenicol and resistant to polymyxin B, gentamicin, 
novobiocin and kanamycin, (Yoon et al. 2005). From the results obtained in cross-
resistance (Table 4), strains DdoA5 and DdoA3 demonstrated putative resistances to 
the same antibiotics as Yoon et al mentioned but they also show to be putatively 
resistant to penicillin G and chloramphenicol. Resistance determination was 
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performed in both cases by the Kirk Bauer disk diffusion method although the media 
in which these tests were performed were different. In the present work R2A+SWF 
was used instead of Mueller Hinton agar (MHA). Since R2A+SWF is a minimal 
medium it has less molecules to interfere with the action of antibiotics than the 
enriched medium MHA, for this reason the putative resistances obtained may 
correspond to a higher concentration of antibiotic. 
Some organism have demonstrate resistance to a few number of antibiotics has it is 
the case of strain OinA5 that is only resistant to naladixic acid (see Table 4). 
Naladixic acid belongs to the group of quinolones in which the action mechanism 
involves the inhibition of DNA gyrase and topoisomerase IV, which leads to DNA 
degradation. Resistance to this antibiotic can be conferred either by efflux pumps 
and/or mutations in the quinolone-resistance determining regions (QRDR) (Zhou et 
al. 2013). Single mutations in QRDR and or the overexpression of the ACRAB efflux 
pump, a fairly ubiquitous efflux pump from the resistance nodulation division (RND) 
family, (Yang and Clayton 2003; Zhou et al. 2013), are sufficient to lead to a 
resistance profile to quinolones, which include naladixic acid. Another possible 
explanation is the effect of co-selection. Plasmid-mediated quinolone resistance 
(PMQR) determinants, in the form of qnr genes confer resistance to low levels of 
fluoroquinolones. It is documented these genes expression and action is magnified 
when an organism is in the presence of other antibiotics like amoxicillin or 
erythromycin (Thi et al. 2012). 
Another isolate of interest is SpoA3* that have four putative resistances, one more 
than SpoA3. Despite belonging to the same species both Sulfitobacter pontiacus 
(Spo), this strain demonstrated a different resistance profile which can be a result of 
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an acquired resistance from another organism trough a mobile genetic element 
(MGE).  
From all the antibiotics tested only rifampicin B was capable of inhibit the growth of 
all heavy metal isolates. Rifampicin B is a very specific inhibitor of protein synthesis 
since it binds to the β-subunit of the DNA-dependent RNA polymerase (Huang et al. 
2013). Studies confirmed that a single mutation in the rpoB gene that encodes the 
DNA-dependent RNA polymerase is sufficient to confer resistance to the all 
rifamycin group, in which rifampicin B is included, (Huang et al. 2013; Williams et al. 
1998). Acquired resistance to this antibiotic is easier since it does not require the 
moving of genetic elements and a single point mutation can be responsible for the 
resistance. Additionally in the studied environment rifampicin B, or any selective 
agent with a common resistance mechanism, may have never been present or if 
present they were not transported to the inside of the cell, and so the bacterial 
community never developed resistance to this antibiotic. 
In contrast, penicillin G and ampicillin were not able to inhibit the growth of 
eighteen and sixteen isolates, respectively. This result is contradictory to what was 
obtained in antibiotic isolation in which only one isolate was obtained in R2A+SWF 
media with either ampicillin or penicillin G. Both penicillin G and ampicillin belong 
to the group of β-lactams for which resistance is most likely to occur by bypass of 
antibiotic inhibition, which in the particular cases of penicillin G and ampicillin is an 
altered penicillin-binding proteins (PBP) (Levy and Marshall 2004). Since β-lactams 
inhibits the formation and renewal of peptidoglycan cell wall it is important to 
organisms that undergo severe pressure to have an intact membrane and cell wall. 
For this reason it is reasonable to assume that species found on deep-sea 
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environments acquired mechanism to maintain a functional cell wall, such 
mechanisms may lead to resistance, in some form, to cell wall targeting antibiotics. 
In is study of the isolates originated from a water and sediment sample and, due to 
the benthic surface characteristics, the isolates are more protected from the surface 
pressure. In this case the continuous cell wall maintenance may not be of such 
importance as expected.  Moreover, as for rifampicin B, resistance to ampicillin and 
penicillin G may have never existed due to the antibiotics absence or inability to be 
internalized.  
Cross-resistance to antibiotics in antibiotics isolates 
The antibiotics that proved less efficient in inhibiting growth were streptomycin and 
penicillin G with thirty one bacteria demonstrating putative resistance to these 
antibiotics (Table 6). Streptomycin is an inhibitor of protein synthesis since it binds 
to the small 16S rRNA of the 30S subunit of bacterial ribosome (Springer et al. 
2001). Resistance to this antibiotic is usually associated with point mutations in the 
rpsL gene encoding the S12 polypeptide a putative chaperone for the assembly of the 
530 loop of 16S rRNA, (Springer et al. 2001). On the other hand penicillin as a part of 
the β-lactams group inhibits the formation and renewal of peptidoglycan (Levy and 
Marshall 2004).  Resistance to streptomycin and penicillin G may have never been 
developed due to the absence or inability to be internalized of the antibiotics or any 
selective agent with common resistance mechanism. 
As it occurred in heavy metal isolates some organisms belonging to the same species 
revealed a different resistance profile, as is the case of MdoTe* that differs from 
MdoTe in the putative resistance to five different antibiotics gentamycin, 
erythromycin, kanamycin, novobiocin and ampicillin, EciGm*/EciGm profiles vary in 
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three putative resistances to erythromycin, kanamycin and streptomycin and 
GjeNA*/GjeNA profiles vary in only two putative resistances to gentamycin and 
ampicillin. In these cases resistances may be acquired by MBE what explains the fact 
that between the same species the resistance profile is different. 
Cross-resistance to heavy metals in antibiotics isolates 
The analysis of antibiotic isolates cross-resistance profiles to different heavy metals 
lead to conclusions very similar to those obtained from the cross-resistance profiles 
to different heavy metals in heavy metal isolates.  
Arsenate is the heavy metal less effective in inhibiting growth with thirty two 
isolates growing in its presence (Table 7). As mentioned before, this may be a result 
of the ubiquitous and conserved resistance to arsenate among bacteria (Silver and 
Phung 2005). The particular case of antimonite resistance also occurs in antibiotic 
isolates, isolates SduVa, SduGm, DdoTe, MzeTe, MzeK, MzePB and SsaPB are all 
putatively resistant to antimonite but not to arsenite. This is uncommon since the 
known mechanism for antimonite resistance is the same as the one for arsenite, 
(Silver and Phung 2005). In this case an unknown new mechanism may be involved. 
The heavy metals copper and zinc are together with arsenate the selective agents to 
whom bacteria demonstrated to be able to survive at a large number, at the given 
concentrations (Table 7). Fifteen isolates demonstrated putative resistances to zinc. 
Resistance to this metal is well studied since zinc is used in many biochemical 
reactions by a large range of organisms, and tolerance to this heavy metal is high 
(Nies 1999). Inside the cell zinc may be complexed by various cellular components 
and con be extruded by a large number of different efflux pumps (Nies 1999; Nies 
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2003). In thirty two copper isolates, sixteen showed to be resistant. For these 
isolates keeping  a low intracellular Cu+ concentrations could result from the action 
of an adenosine membrane protein CopA and/or a CueO multi-copper oxidase and  
CusCFBA multicomponent efflux transport system, as those described in Escherichia 
coli (Nies and Silver 1995). 
Cobalt is, along with uranium, the heavy metal most effective in inhibiting bacterial 
growth (Table 7). Cobalt resistance, as described before, involves a co-resistance 
with another heavy metal and is extruded by systems like the Ncc (Nies 1999), the 
Czc (Nies 1992) or the (Cnr) efflux pump (Liesegang et al. 1993). It seems that none 
of these systems are present in any of the heavy metals isolates obtained. 
In this cross-resistance study many organism prove only to be resistant to arsenate 
but others are able to resist to as many as six different heavy metals, as is the case of 
strain SsaPB (Table 7).  
Plasmid encoded resistant determinants 
As described before many resistance determinants are found in plasmids, either for 
antibiotic as for heavy metals (Subliminal et al. 2001). Considering the high number 
of resistances and their distribution among several different species it is interesting 
to consider the horizontal transmission of genetic material as a cause to these 
resistance profiles.  
Ultimately sixteen fragments were extracted from nine different heavy metal 
isolates and eleven putative plasmids were obtained from the nine isolates (Figure 7 
and 8). Considering the number of isolates obtained, this number appears to be 
small but in this case the bacterial community may indeed have a small number of 
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plasmids. Furthermore, from the observation of the profile obtained from plasmid 
restriction endonuclease digestion, we can assume that the purified putative 
plasmids are very large, with at least 10 000 bp (Figure 9), this is possibly a limiting 
factor for plasmid extraction and purification. Despite the small number of purified 
putative plasmids all sixteen are free from contaminants, as it can be observed by 
260/280 ratios (Table 8), moreover strains MdoA5, MzeA5 MstGm and SduNA all 
had relatively high concentration of at least 1µg/µL (Table 8). These results indicate 
that the method for extraction and purification used is effective. 
Overall the aerobic heterotrophic isolates recovered from Lucky Strike showed a 
wide range of resistances to both heavy metals and antibiotics. Heavy metals 
resistances were expected considering the nature of the environment as to 
antibiotics the subject is unclear. The presence of bacterial antibiotic resistance in 
deep-sea hydrothermal vents is not a subject of intensive study nevertheless 
isolated studies were performed in coastal sea waters (Galkiewicz et al. 2011; 
Timoney et al. 1978), estuary water (Allen, Austin, and Colwell 1977) and deep-sea 
(Xu et al. 2007). In these studies antimicrobial profiles of isolated is variable even 
among filogenetically similar strains which is similar to what I observed in the 
present study. These results are either indicative of strain-level differences, that 
caution against relying too heavily on identification on single genes to explain 
complex phenotypic differences (Allen et al. 2010; Galkiewicz et al. 2011), are 
demonstrative of the importance of inter and intra-species mobility of genetic 
information (Allen et al. 2010; Davies and  Davies 2010) or the above combined.  
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VIII. Conclusions 
 
During this work were isolated twenty six cultivable heterotrophic microorganisms 
from the Lucky Strike hydrothermal vent site, showing the presence of this 
metabolic group of organisms in deep sea environment. 
The bacterial population isolated in R2A with sea water filtrate was comprised 
mostly by Gram-negative bacteria; the genus largely represented was Sulfitobacter 
with four species Sulfitobacter pontiacus, Sulfitobacter dubius, Sulfitobacter litoralis 
and Sulfitobacter delicatus and the species with the larger number of isolates was 
Eritrobacter citreus.  
The heavy metal isolates cross-resistance studies revealed that arsenate is the heavy 
metal to which a larger number of species showed a putative resistance. The same 
result is observed for antibiotics ampicillin and penicillin G. In these isolates the 
species Dokdonia donghagensis showed the larger number of putative resistances, 
fourteen, to heavy metals and antibiotics.  
The heavy metals putative resistance pattern of antibiotic isolates also revealed 
arsenate as the selective agent less capable of inhibiting growth. As for antibiotics 
the organisms prove to be more resistant to penicillin and streptomycin.  
All putative plasmids isolated and purified appeared to be large, at least 10 000 bp, 
and the purification method revealed efficient considering the obtained 
concentrations and DNA purity.  
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